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ABSTRACT 
Working memory is the cognitive ability to maintain and manipulate 
information in mind to guide behavior. This relies on the coordinated activity of a 
bilateral brain network, which has been modeled as a central executive in control 
of separate storage systems for verbal and spatial information. Evidence from 
human and nonhuman primate research demonstrates that the dorsolateral 
prefrontal cortex (diPFC) is critical for manipulating information in working 
memory. However, whether the diPFC is dissociable by the domain of 
information remains unsettled. Recent human studies using repetitive 
transcranial magnetic stimulation (rTMS) suggest the left and right diPFC may 
play separable roles in manipulating verbal and spatial information. In the present 
study, this theory was investigated further with two experiments on healthy right-
vi 
handed adults. Both experiments utilized the 3-back task of visual working 
memory with letters and locations serving as verbal and spatial stimuli, 
respectively. In Experiment 1, tasks were administered during functional 
neuroimaging in two formats: one using centrally-presented single letters as 
verbal stimuli, and dots in different locations as spatial stimuli; and another using 
single letters in different locations for both verbal and spatial tasks. At the whole-
brain group-level, letter- and location-specific contrasts did not differ between 
formats, indicating verbal/spatial differences reflected discrete subsystems in 
working memory and not simply separate perceptual processing. Nevertheless, 
in the diPFC, bilateral activity was observed across versions, suggesting its 
contributions to working memory are domain-independent. Experiment 2 tested 
whether this relationship was causal by assessing 3-back performance after 
applying low-frequency rTMS to the diPFC. Following rTMS of the right diPFC, 
accuracy improved on the letter task, but worsened on the location task, while 
the opposite was observed after left rTMS. These double-dissociations suggest 
left and right diPFC operate as competing subsystems for manipulating verbal 
and spatial information, respectively. Thus, the observation of equivalent bilateral 
diPFC activity during the letter and location tasks might reflect a left-lateralized 
system for verbally-encoded information and a right-lateralized system for 
nonverbal representations operating in parallel on all stimuli. Such a functional 
asymmetry would have implications for therapies aimed at ameliorating working 
memory impairments in disease and even normal aging. 
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The term "working memory" is borrowed from computer science to 
describe the general cognitive ability to maintain information in an active state 
(Baddeley and Hitch, 1974). In the fields of cognitive science (psychology, 
neuroscience) and medicine (psychiatry and neurology), working memory refers 
to a collection of mental processes involved in (1) maintaining an internal 
representation of information that is no longer accessible through external 
sensation, and (2) monitoring and/or manipulating that information to guide 
behavior (Courtney et al., 1998). Working memory operates at the confluence of 
attention, memory, and executive control making it one of the most fundamental, 
yet complex of human cognitive abilities. For this reason, working memory serves 
as a foundation for virtually all other higher cognitive functions (Courtney, 2004). 
To distinguish the active maintenance and manipulation of information 
from simple short-term retention, Alan Baddeley and Graham Hitch proposed that 
working memory be represented as a central executive in control of a 'mental 
workplace' consisting of independent, domain-specific information storage 
systems (Baddeley and Hitch, 1974). Information that is encoded as a verbal 
representation (i.e., numbers, letters and words, familiar objects and faces, and 
simple shapes) is maintained through a combination of temporary phonological 
storage and sub-vocal articulatory rehearsal. On the other hand, retention of 
information that cannot easily be verbalized (e.g., spatial locations and 
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relationships, abstract patterns, complex shapes, and unfamiliar objects) and 
actions such as mental rotation and navigation involve separate processes that 
are organized around a cache for visual percepts and a system for spatial 
reference. The distinction between verbal and spatial information in the 
Baddeley-Hitch model reflects the observation that the nature of working memory 
changes based on the type of information that is encoded. The Baddeley-Hitch 
model has undergone revisions over the past several decades, for example to 
distinguish the domain of information (i.e., verbal versus spatial) from the 
modality of sensory input (i.e., auditory versus visual), and to include 
contributions from episodic memory (Baddeley, 2000). To this day, the Baddeley-
Hitch model remains the most widely accepted theory of the processes that 
underlie working memory. 
1.1. Assessing Working Memory Function 
Working memory function can vary in terms of capacity, duration, and the 
intricacy and flexibility of its sub-processes. Given the challenges of assessing a 
cognitive function of this complexity, researchers have developed different tests 
that can be varied on multiple dimensions. These assessments range from the 
simple delayed response task (Hunter, 1913; Jacobsen, 1935), to the highly 
complex n-back task (Kirchner, 1958; Gevins and Cutillo, 1993). With these tests 
it is possible to assess, separately or together, (1) the amount of information that 
can be held in working memory, (2) the duration over which information can be 
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maintained, (3) the type of information held (e.g. , letters, faces, objects, spatial 
locations, etc.), and (4) the type of processes that can be performed on that 
information (i.e. , monitoring, updating, manipulating, etc.). 
Initial psychological research focused on the number of items, or blocks of 
information, that could be maintained. In 1957, George Miller published the 
seminal paper, "The Magical Number Seven, Plus or Minus Two: Some Limits on 
Our Capacity for Processing Information," in which he argued that the capacity to 
retain detailed information is limited and that the brain compensates for this by 
grouping features into "chunks" that represent the largest meaningful unit a 
person can recognize (Miller, 1956). Subsequent research clarified Miller's law, 
as it came to be known, by demonstrating that that both the size of a "chunk" and 
the number of "chunks" are not constants within or across subjects. For example, 
in development, working memory capacity follows a nonlinear progression: 
maturing through childhood and adolescence, peaking early in adulthood, and 
then declining after middle age (Grady and Craik, 2000). Furthermore, capacity 
can vary with the type of information as well as with the age of the individual and 
the degree of his or her expertise with the material (Baddeley and Hitch, 197 4; 
Cowan, 2001 ). 
Early influential research into the neural bases of working memory were 
conducted with nonhuman primates (Funahashi et al., 1989; Goldman-Rakic et 
al., 1990). Primates can be taught to perform simple working memory tests, such 
as the delayed response task (DRT). While there are many incarnations of the 
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DRT, they tend to follow the same standard format: in the encoding phase, the 
monkey is briefly shown a piece of information (e.g., a visual target or an object) ; 
the information is then masked or hidden from view and the monkey must 
maintain it as an internal representation for a specified duration, known as the 
delay phase; finally, in the response phase, the monkey is cued to initiate a 
behavior for which it must rely on the remembered information (e.g., making a 
saccade or reaching for an object), in order to receive a reward. Requiring the 
animal to look in the opposite direction of the target or to choose the non-
remembered object can increase the complexity of the task. Variants of the DRT, 
such as the delayed match-to-sample and delayed non-match-to-sample, are 
widely used in conjunction with invasive electrophysiological recordings or 
lesion/reversible deactivation studies in nonhuman primates to probe the 
functional organization of working memory; these findings will be discussed in 
greater detail in the following section . 
Studies of humans have allowed examination of more complex and 
diverse aspects of working memory. One particular assessment with a lengthy 
history is the n-back task, where participants must continually update information 
in working memory to match a current stimulus with the one that was presented n 
trials previously. Researchers frequently administer this task with different values 
of n to test different processes and loads of working memory. In the 1-back task 
the participant matches each stimulus to the one that immediately preceded it 
(i.e., n- 1). This requires the selection and maintenance of information, but little 
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manipulation or executive control. As the value of n increases (e.g ., 2-back, 3-
back, etc.), not only does the set of remembered items grow, but the participant 
must also continually manipulate the information to update the set. For example, 
in each trial of the 3-back condition, the participant must do the following: (1) 
maintain a representation of the current stimulus as well as the previous three; 
(2) compare the stimulus with the oldest member of the set (i.e., n - 3); (3) 
respond "yes" or "no," usually by pressing one of two buttons on a keypad or 
button box; (4) discard then- 3 item; and (5) continue to maintain the remaining 
members (i.e. , the n - 2, n - 1, and current stimulus) for the next trial, thus 
shifting the set forward by one. The value of n can also be set to 0, where the 
participant simply monitors the sequence of stimuli as they appear and compares 
each item to a pre-determined constant target stimulus. Performing the 0-back 
entails similar perception of stimuli and response behaviors as the other n-back 
conditions, but does not require any maintenance or manipulation of information. 
For this reason, the 0-back is widely used as a contrast task in neuroimaging 
studies to distinguish activity associated with the executive aspects of working 
memory, such as updating and manipulating, from the processes of perception 
and response selection. 
1.2. Theories on The Functional Organization of Working Memory 
The highly complex cognitive processes that underlie working memory are 
carried out by the coordinated activity of a bilateral network of brain structures. 
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The principal brain areas associated with working memory are regions of 
association cortex in the frontal , parietal and temporal lobes (Chafee and 
Goldman-Rakic, 2000; Mottaghy et al., 2002a; Owen et al., 2005; Finn et al. , 
201 0; Crespo-Garcia et al. , 2013). In humans, neuroimaging methods, such as 
functional magnetic resonance imaging (fMRI) and positron emission tomography 
(PET), are used to identify brain regions associated with working memory (Smith 
and Jon ides, 1998). A recent meta-analysis (Owen et al., 2005) of the n-back 
task in normative neuroimaging studies identified a bilateral network of brain 
areas in which activity was consistently observed regardless of the type of stimuli 
used in the task. 
Regions in which activity is associated with working memory (see Figure 
1.1) include the frontal pole or Brodmann Area (BA) 10, the dorsolateral PFC 
(diPFC; BAs 46, 9), the ventrolateral PFC (viPFC; BAs 44, 45) and adjacent 
anterior insula, the dorsal anterior cingulate cortex (BA 32, 24) , the premotor and 
supplementary motor areas (BA 6), the precuneus and superior parietal lobule 
(BA 7), and the supramarginal gyrus (BA 40). In addition to these cortical 
regions, activity associated with working memory has been documented in the 
anterior and posterior hemispheres of the cerebellum, medial dorsal nucleus of 
the thalamus, and dorsal caudate nucleus of the basal ganglia (D'Esposito et al., 
1998; Postle and D'Esposito, 1999a; Owen et al., 2005). Understanding the 
precise role of individual regions and their interactions has been the focus of 




Figure 1.1. The Human Working Memory Network Revealed by fMRI. A statistical map 
showing the network of activity associated with the n-back task overlaid in green on an 
inflated template brain . Contrast is 3-back > 0-back, averaged across a verbal and a 
spatial version of the task. Numbers denote approximate Brodmann areas. AI = anterior 
insula; MD= mediodorsal nucleus of the thalamus. 
One of the earliest and most well-established findings on the neural 
underpinnings of working memory comes from electrophysiological recordings in 
alert behaving monkeys. Neurons in the lateral PFC and posterior parietal cortex 
(PPC) show sustained firing during the delay phase of a DRT-type task (Fuster 
and Alexander, 1971 ; Chafee and Goldman-Rakic, 1998). Furthermore, sub-
populations of PFC and PPC neurons demonstrate stimulus selectivity during 
working memory tasks (Funahashi et al. , 1989), and undergo rapid recoding in 
response to changing task demands (Stokes et al. , 2013) or direct stimulation of 
connected regions (Sobotka et al. , 2005). Despite these core similarities, neural 
activity in the PFC and PPC can be distinguished on a number of levels. For 
example, only neurons in the PFC seem to be able to maintain sustained firing 
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activity when a second ("distractor") stimulus is presented during the delay 
(Constantinidis and Procyk, 2004; Qi et al., 201 0). This unique property of the 
PFC is thought to result from a vastly higher density of dopaminergic projections 
(Levitt et al., 1984 ), and/or calbindin-positive interneurons (Zaitsev et al., 2005), 
including those exhibiting inverted tuning profiles (Zhou et al. , 2012). Consistent 
with single-unit studies, lesions (Funahashi et al., 1993; Moore et al., 2012) and 
reversible deactivation (Bauer and Fuster, 1976) of the PFC in monkeys produce 
deficits in the executive aspects of working memory (i.e., the manipulation or 
generalization of information). In a pair of recent studies, Moore and colleagues 
detailed a range of executive functions, including abstraction and set-shifting, 
that were impaired by PFC lesions in the rhesus macaque (Moore et al. , 2009); 
furthermore, monkeys with complete lesions of the dorsal PFC (lateral and 
medial aspects) performed significantly worse on a delayed non-match-to-sample 
task if they had acquired it previously, and had profound difficulty reaching 
criterion if they had not (Moore et al. , 2012). These findings demonstrate that in 
the context of working memory, the PFC is crucial for executive control of goal-
directed actions performed on information (Goldman-Rakic, 1995). 
In humans, neuroimaging, lesion, and noninvasive brain stimulation 
studies have yielded evidence that extends the nonhuman primate model of 
executive PFC function. Both temporary disruption of diPFC activity by rTMS 
(Postle et al., 2006) as well as naturally occurring lesions of the region 
(Thompson-Schill et al., 2002) impair the manipulation of information in working 
8 
memory, but do not effect simple short-term retention. Furthermore, advances in 
event-related imaging have made it possible distinguish the activity associated 
with different sub-processes of working memory (i.e., encoding , maintenance, 
manipulation, monitoring, inhibition) by observing which regions show greater 
activity during specific epochs (Owen et al., 1996a; D'Esposito et al. , 1999a, 
1999b). These studies suggest that the function of the lateral PFC can be further 
subdivided based on the contributions of specific regions to different aspects of 
working memory: the viPFC mediates maintenance of information over the delay 
and engages in suppression of task-irrelevant stimuli ; the diPFC by comparison 
is active during encoding of a stimulus, but is recruited during the delay only 
when additional executive demands (i.e. , monitoring and/or manipulation of 
information) are required (D'Esposito et al. , 2000). 
Examinations of patients with naturally occurring lesions have added 
credence to these normative neuroimaging data and yielded additional findings 
pointing to the crucial role of the diPFC in manipulating information in working 
memory. Several studies (du Boisgueheneuc et al. , 2006; Volle et al. , 2008; 
Kumar et al., 2013) found that patients with diPFC damage were significantly 
impaired relative to controls on the n-back task under high load conditions (i.e. , 
2-back and 3-back) that required manipulation of information, but not on the 1-
back, which required neither manipulation nor executive control. In another study, 
Tsuchida and Fellows (2009) administered a letter 2-back task to patients with 
diverse but relatively focal PFC lesions, and used a method of analysis based on 
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signal-detection to separate correct hits from false alarms. The authors reported 
that patients with left lateral PFC lesions tended to be worse than controls in the 
number of correct hits they made, but not in false alarms; by contrast, patients 
with lesions of the dorsal and medial extent of the PFC were equal to controls in 
the number of correct hits they scored, but also made many more false alarms 
than all other groups. Taken together, these studies suggest that in humans, the 
diPFC acts as a cognitive "booster module" that is recruited to provide additional 
processing capacity depending on specific task demands. 
There is a parallel model of the role of the PFC in working memory, which 
posits that the PFC is functionally organized with respect to domain, or the type 
of information that is maintained and/or manipulated. Initial evidence for this 
theory arose from observations in the nonhuman primate that processing of 
spatial location and object-identity perceptual features occurs separately within 
the dorsal "where" and ventral "what" visual pathways, respectively (Ungerleider 
LG and Mishkin M, 1982). Subsequent research suggested that in monkeys, this 
dorsal/ventral segregation is maintained in the organization of the lateral PFC 
(see Figure 1.2): tract-tracing studies demonstrated that the parietal and 
temporal association areas project to regions above and below the principal 
sulcus, respectively (Petrides and Pandya, 1984; Barbas, 1988); while 
lesion/deactivation studies have shown that disruption of the diPFC tends to 
impair spatial working memory, while viPFC lesions tend to impair working 
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Figure 1.2. Diagram of the Rhesus Macaque Brain Showing the Segregation of Object 
and Spatial Processing. Projections from early visual areas are segregated into dorsal 
and ventral pathways, which mediate processing of the visuospatial location and the 
form/identity of objects, respectively (Ungerleider LG & Mishkin M, 1982). Tract-tracing 
(Petrides & Pandya, 1984; Barbas 1988) and lesion/deactivation (Mishkin & Manning, 
1978; Funahashi et al., 1993) studies in the nonhuman primate demonstrate that this 
segregation is maintained as information propagates from posterior association cortices 
to the prefrontal cortex. These studies suggest that, at least in monkeys, the prefrontal 
cortex is functionally organized by the domain, or type of information in working memory. 
Humans also have separate dorsal and ventral pathways for spatial- and 
object-based visual information (Haxby et al., 1991) (see Figure 1.3), and it 
follows that there might exist a similar ventral/dorsal segregation within the PFC. 
In support of this hypothesis, Mottaghy and colleagues (2002b) used 1Hz rTMS 
to temporarily suppress activity separately within three regions in the left PFC of 
health adults: dorsomedial PFC (superior frontal gyrus), diPFC (middle frontal 
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gyrus), and viPFC (inferior frontal gyrus). Prior to and immediately following 
rTMS, participants were presented with two versions of a delayed working 
memory task, one with unfamiliar faces and the other with dots in different spatial 
locations. Applying rTMS to the diPFC impaired performance on both tasks; 
however rTMS of the dmPFC and viPFC selectively disrupted the spatial and 
face tasks, respectively. Mottaghy and colleagues' results support the functional 
segregation of working memory for spatial locations to the dmPFC and for faces 
to the viPFC. However, as rTMS of the diPFC diminished accuracy on both 
tasks, their study was inconclusive with regard to its role. Thus, either the ventral-
"face" and dorsal-"space" regions overlap within the diPFC, or the diPFC 
represents a common module for working memory. 
Direct comparisons between the nonhuman primate model and human 
studies, such as the one by Mottaghy and colleagues (2002b}, are limited by the 
fact that the PFC is much more elaborated in humans than nonhuman primates, 
despite gross similarities in its architecture (Petrides and Pandya, 1999). The 
expansion of association areas, including the PFC, in humans is driven to a large 
degree by the addition of areas that are specialized for the comprehension and 
production of language (see Figure 1.3). These regions include the inferior frontal 
gyrus (i.e., Broca's area) , caudal superior temporal gyrus (i.e., Wernicke's area}, 
and the inferior parietal lobule. In most individuals, there is a strong lateralization 
in the function of language regions: areas in the left hemisphere are responsible 
for the verbal aspects of language (i.e., syntax, semantics); while the 
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homologous regions of the right hemisphere are thought to mediate nonverbal 
aspects of communication such as prosody and intonation (Tzourio et al., 1998; 
Acheson et al., 201 0). Therefore, one alternative to an organizing principle based 
around an object/spatial distinction is one based around whether or not 
information held in working memory can be verbalized. Regions of the medial 
and orbitofrontal PFC show a similar pattern of lateralization based on emotional 
processing (Davidson, 1992; Perlstein et al., 2002; Barbey et al., 2010). Thus it is 
reasonable to suggest that parallel processes related to verbal and non-verbal 
information in working memory take place in the left and right PFC, respectively. 
There is evidence from neuroimaging literature showing that, at least in 
right-handed individuals, activity associated with verbal working memory is left 
dominated, whereas regions associated with working memory for spatial stimuli 
are more right oriented (for reviews see Owen, 1997; D'Esposito et al., 1998; 
Smith and Jonides, 1998). While the majority of the lateralized regions occur in 
posterior sensory association areas, activity in the vicinity of Broca's area (i.e., 
the viPFC and ventral premotor area) is reliably associated with verbal tasks, 
particularly when strategies involving sub-vocal rehearsal are assumed. 
Furthermore, at least a few studies have reported activity in a small region of the 
right diPFC (likely BA 9) associated with spatial tasks (McCarthy et al., 1996; 
Belger et al., 1998; Mecklinger et al., 2000). Neuroimaging studies that contrast 
two tasks with different stimuli reliably show lateralized patterns of domain-
specific activity across the whole brain. However, given that individual working 
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memory tasks are associated with bilateral activity in the diPFC, the contributions 
to working memory may be domain-independent (Nystrom et al., 2000). 
Language Regions 
• Broca's Area 
0 Wernicke's Area 
0 Angular Gyrus 
0 Supramarginal Gyrus 
0 Ventral Motor Cortex 
0 Dorsal "where" 
Pathway 
0 Early Visual 
areas 
• Ventral "what" 
Pathway 
Figure 1.3. Diagram of the Human Brain Showing Language Regions in Relation to 
Pathways for Object and Spatial Vision. In addition to dorsal and ventral pathways for 
processing information about spatial locations and objects, respectively (Haxby et al. , 
1991 ), the human brain has several areas specialized for the production and 
comprehension of language, including written forms. The function of these regions, 
especially Broca's and Wernicke's Areas, is lateralized: left and right homologs process 
verbal and nonverbal aspects of language, respectively (Tzourio et al. , 1998; Acheson et 
al., 201 0) . Thus, there are two potential organizing principles that could govern how 
information is maintained and manipulated in the prefrontal cortex during working 
memory: a dorsal/ventral segregation of spatial and object information, or a left/right 
lateralization of information that is represented verbal and nonverbally. 
As a whole, lesion/reversible-deactivation and electrophysiological 
research in nonhuman primates as well as human lesion, neuroimaging, and 
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noninvasive brain stimulation studies provide compelling evidence that the PFC 
plays a crucial role in the executive aspects of working memory (i.e., monitoring, 
manipulating information), but that it is not critical for simple short-term retention 
of information. However, the literature is less conclusive with regard to: (1) 
whether the organization of the PFC is primarily based on the type of process or 
the type of information; and (2) whether the segregation of function takes place 
within each hemisphere along a dorsal/ventral axis (as with higher-order visual 
processing), or between hemispheres (as with language and emotional 
processing). Some of this uncertainty may stem from the fact that the 
organization of higher-order association cortices shows a greater degree of 
variability than in primary sensory and motor regions (Van Essen et al., 2012). 
For example, in normal individuals there is natural inter-subject variation in the 
extent to which cognitive functions are lateralized (Papousek et al., 2011). 
Moreover, age-related changes in lateralization of PFC function have been 
observed with respect to episodic memory (Rossi et al. , 2004), and may exist for 
working memory as well (Balconi, 2013). Similarly, differences in the 
interpretation of findings from naturally occurring lesions can be accounted for by 
the significant heterogeneity both in terms of the extent of the initial damage 
(Belyi, 1987) as well as any subsequent plastic reorganization (O'Shea et al., 
2007; Honey and Sporns, 2008). Regardless of how the discrepancies in the 
literature are interpreted, the precise contributions of the PFC to working memory 
are of yet unresolved. 
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Recently a new model of PFC organization has been proposed with the 
potential to resolve conflicting findings from prior studies. This hypothesis 
suggests that the PFC is organized by both the type of process and the type of 
information in working memory. According to this model, different sub-processes 
of working memory (e.g. , encoding , maintenance, manipulation, etc.) are 
distributed throughout the PFC, and different domains of information remain 
segregated , either within or across regions. In support of this theory, Zanto and 
colleagues (2011) identified distinct sub-regions within the posterior aspect of the 
right inferior frontal gyrus, which exert top-down control over extrastriate visual 
areas involved in processing color and motion. When activity in this region was 
temporarily suppressed with 1Hz rTMS, participants were impaired on a working 
memory task that required directing attention to a subset of visual features. 
Similarly, Thompsen-Schill and colleagues (2002) described a patient with a 
specific lesion of this same region in the right hemisphere who was markedly 
impaired at working memory tasks that required selecting relevant information in 
the face of competing alternatives. In another study, Sandrini and colleagues 
(2008) disrupted ongoing function in the left and right diPFC with rTMS as 
participants completed verbal and spatial 2-back tasks that either differed in the 
stimuli (single letters presented centrally and dots in different spatial locations) or 
used the same stimuli (single letters that appeared in different locations). The 
authors found that rTMS slowed response times only on the common stimuli 
format, which required suppression of task-irrelevant features. Moreover, they 
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found evidence for a hemispheric distinction: rTMS of left and right diPFC 
impaired suppression of spatial locations and letters, respectively. These results 
support a reinterpretation of neuroimaging data showing bilateral diPFC activity 
associated with working memory tasks regardless of their domain. Concurrent 
activity in the left and right diPFC might represent parallel processing of different 
features of the same stimulus (e.g. , the perception of a letter can entail encoding 
its semantic identity, shape, as well as location in the visual field) . Overall , there 
are two major implications of the model these studies support: (1) information 
regarding features of the environment, which is processed in distinct posterior 
sensory association areas, remains segregated within the PFC; and (2) sub-
regions both within and across hemispheres utilize this feature-specific 
information to select the optimal strategy for a given working memory task. 
The proceeding thesis tests the validity of this new model. In a pair of 
studies, neuroimaging and noninvasive brain stimulation techniques were 
employed to investigate the functional organization of verbal and spatial working 
memory in a relatively homogenous group of well-educated right-handed adults. 
In the first experiment (Chapter 2), fMRI was used to compare the feature-
specific activity associated with the combined and separate-stimulus formats of 
then-back task similar to those used by Sandrini and colleagues (2008). The aim 
of Experiment 1 was to determine whether activity specific to verbal and spatial 
tasks reflected distinct subsystems of working memory or merely resulted from 
the perception of the different stimuli themselves. In the second experiment 
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(Chapter 3) , 1Hz rTMS was used to temporarily suppress activity in the left and 
right diPFC, separately, and examine the resulting impact on verbal and spatial 
versions of the 3-back task. The aims of Experiment 2 were twofold: (1) to 
assess both verbal and spatial working memory under the same conditions to 
investigate whether or not they share a common core network; and (2) to 
compare the effects of disrupting left and right hemispheres to test if working 
memory networks are functionally lateralized. 
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Chapter 2: 
Differentiating Brain Activity Associated with Verbal and Spatial Working 
Memory from the Perception of Letter and Location Stimuli Using fMRI 
ABSTRACT 
Working memory is the cognitive ability to maintain and manipulate 
information to guide behavior and involves the coordinated activity of multiple 
brain regions. The n-back task is behavioral test of the ability to continually 
update information in working memory to match the current stimulus with one 
presented n trials previously (where n is an integer, usually 1, 2, or 3). The n-
back is commonly used in conjunction with neuroimaging techniques such as 
functional magnetic resonance imaging (fMRI) and can be administered using 
different categories of stimuli (e.g., letters, faces, objects, spatial locations). 
Normative neuroimaging studies consistently report activity across a bilateral 
network of brain regions associated with the n-back task, independent of domain. 
Statistical contrasts of the same task using verbal and spatial stimuli reveal 
distinct patterns: greater activity for verbal tasks is associated with a left-
lateralized network that includes Broca's and Wernicke's areas, the 
supplementary motor area; conversely, greater activity in spatial tasks is 
associated with a mostly right-lateralized network that includes the temporal 
parietal junction and medial structures such as the precuneus. However, 
because the vast majority of these studies operationalized verbal and spatial 
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working memory using stimuli that were not matched for their basic perceptual 
features, it is not known whether domain-specific patterns represent different 
subsystems of working memory, or more simply reflect the different visual 
processing demands of the stimuli that were employed . To resolve this 
ambiguity, the present study compared brain activity associated with a verbal-
"letter" task to that of a spatial-"location" task using two different formats of the n-
back task of visual working memory: a task-congruent form in which centrally-
presented letters served as verbal stimuli , and dots appearing in different 
peripheral locations served as spatial stimuli; and a task-incongruent form in 
which the same stimuli (i.e., letters appearing in different locations) were used for 
both verbal and spatial tasks. At the whole-brain, group-level , contrasts of letter-
and location-specific activity were statistically equivalent between task-congruent 
or task-incongruent formats. These results support the conclusion that there are 
separate neural storage systems for verbal and spatial information in working 
memory that operate independently of lower-level stimulus characteristics. 
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2.1. Introduction 
Working memory is the ability to actively maintain information that is no 
longer available perceptually, and then monitor or manipulate that information to 
guide behavior (Courtney et al., 1998). Based on the observation that the 
relevant perceptual characteristics (e.g., stimulus identity versus stimulus 
location) influences how information is maintained and manipulated, the 
Baddeley-Hitch model represents working memory as a central executive with 
control over separate storage systems for verbal and spatial information, termed 
the "phonological-articulatory loop" and the "visuospatial sketchpad," respectively 
(Baddeley and Hitch, 1974). It is known that perception of a stimulus entails 
separate processing of features such as identity and location. However, it 
remains to be seen whether the phonological-articulatory loop and the 
visuospatial sketchpad are separable subsystems of working memory distinct 
from differences in processing lower-level perceptual features. 
Correlations can be drawn between brain activity and behaviors related to 
working memory by administering computerized cognitive assessments to 
participants during functional magnetic resonance imaging (fMRI). One widely-
used test is the n-back task (Kirchner, 1958; Gevins and Cutillo, 1993), in which 
participants must continually match the current stimulus with the one that was 
presented n trials previously (where n is a predetermined integer, typically 1, 2, 
or 3). The n-back task can be administered using stimuli of different domains 
(e.g ., letters, faces, objects , spatial locations) while maintaining the same overall 
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format. This flexibility makes the n-back task particularly well suited for 
neuroimaging analyses that compare two or more conditions, which differ only in 
the variable of interest. A recent meta-analysis (Owen et al., 2005) of then-back 
task in normative neuroimaging studies identified a bilateral network in which 
activity was consistently observed regardless of the type of stimuli used. This 
network is comprised of the following cortical areas: the frontal pole, or 
Brodmann area (BA) 1 0; the dorsolateral prefrontal cortex (BAs 9, 46) ; the 
ventrolateral prefrontal cortex (BAs 44, 45) and adjacent anterior insula; the 
premotor cortex and supplementary motor area (BAs 6, 8, 32); the dorsal anterior 
cingulate (BA 24); the supramarginal gyrus (BA 40) ; and the superior parietal 
lobule (BA 7) , including both the lateral surface and the precuneus. Along with 
contributions from subcortical structures such as the thalamus, caudate nucleus, 
and cerebellum, these regions constitute the core network for working memory. 
Human neuroimaging studies have also investigated the extent to which 
the working memory network is organized by the type of information. These 
studies typically involve administering multiple blocks of the n-back, or a similar 
task, using different types of stimuli. The patterns of activity associated with 
different blocks are then contrasted with each other to highlight regions that show 
a greater level of activity associated with a particular domain. Using this 
approach, several studies (Owen et al., 1998; Smith and Jonides, 1998) have 
reported distinct patterns associated with maintaining and manipulating 
information of different domains in working memory: when the task involves 
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maintaining and manipulating single letters or words, greater levels of activity are 
present within a left-lateralized network that includes Broca's and Wernicke's 
areas, the supplementary motor area, and the lateral occiptotemporal lobe. 
Conversely, tasks that require maintenance and manipulation of abstract patterns 
or spatial locations are associated with increased activity in a somewhat-right 
lateralized network that includes the temporal parietal junction and medial 
structures such as the precuneus gyrus. However, as the majority of studies 
used nonequivalent stimuli to operationalize differences in verbal and spatial 
working memory, it is possible that these distinct patterns of activity merely 
reflect separate pathways for processing stimulus features, rather than separate 
systems in working memory per se. 
To resolve this ambiguity, the present experiment compared brain activity 
associated with a verbal-"letter" task to that of a spatial-"location" task using two 
different formats of the n-back task of working memory. In the traditional format, 
verbal and spatial stimuli were task-congruent, that is, the verbal task employed 
single letters presented centrally while the spatial task used dots appearing in 
different locations. This was compared to an alternative format using common 
stimuli with task-incongruent features: single letters that appeared in different 
locations for both verbal and spatial versions of the task. The rationale for this 
comparison was that if distinct patterns of activity between the verbal and spatial 
working memory tasks were evident only between letter and location versions of 
the task-congruent format, the differences could be potentially be attributed to the 
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perceptual processing of the stimulus features rather than to the type of working 
memory engaged. However, if similar verbal and spatial contrasts were obtained 
using the task-incongruent format, it would be evidence that there are distinct 
storage systems for verbal and spatial information in working memory. 
2.2. Materials and Methods 
2.2.1. Ethics Statement 
This experiment was conducted on adult human participants. All forms 
and procedures used in the experiment received appropriate approval by the 
Institutional Review Boards at Boston University School of Medicine (BUSM) and 
Beth Israel Deaconess Medical Center (BIDMC). All participants provided written 
consent upon enrollment in the experiment. Prior to any procedure involving 
magnetic resonance imaging (MRI) participants were thoroughly screened for 
safety against known exclusion criteria specific to its risks. Participants were 
compensated for their time relative to the degree of their involvement. 
2.2.2. Participants 
A total of 24 healthy adults (eight male, 16 female) of mean age 26.3 
years (range = 20.2 - 60.0 years) participated in the present experiment (see 
Table 2.1 for demographic information). All participants were right-handed and 
fluent speakers of English, with no known history of neurological disease. 
24 
Table 2.1. Ex~eriment 1 Demogra~hics 
Gender Age (years) 
Participant 1 Female 21.8 
Participant 2 Female 22.3 
Participant 3 Female 21 .9 
Participant 4 Female 21 .2 
Participant 5 Female 20.2 
Participant 6 Female 21 .8 
Participant 7 Female 23.4 
Participant 8 Male 21.8 
Participant 9 Male 24.2 
Participant 1 0 Female 20.9 
Participant 11 Female 21.3 
Participant 12 Male 27.5 
Participant 13 Male 28.9 
Participant 14 Male 25.1 
Participant 15 Female 23.6 
Participant 16 Female 23.2 
Participant 17 Female 22.7 
Participant 18 Female 22.3 
Participant 19 Female 23.7 
Participant 20 Male 31 .3 
Participant 21 Male 28.5 
Participant 22 Female 50.3 
Participant 23 Male 60.0 
Partici~ant 24 Female 23.5 
2.2.3. The n-back Task of Working Memory 
The 3-back task of working memory was administered to participants while 
they underwent functional MRI (fMRI). The 3-back is a high-load condition (Nagel 
et al. , 2011) of the classic n-back task. In each trial of the 3-back, the participant 
had to keep the previous three stimuli in mind, compare the current stimulus to 
the oldest member of the set (i.e. , n- 3), respond "yes" or "no," by pressing one 
of two buttons, and then shift the set forward by one for the next trial. Each run of 
the 3-back was accompanied by a 0-back, where participants made comparisons 
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to a pre-specified letter or location. The 0-back is a good contrast task for fMRI, 
since it entails viewing the same stimuli and making the same motor responses 
as the 3-Back, but with minimal engagement of working memory. At the start of 
the experiment, each participant was given the opportunity to practice then-back 
task so they could learn the different formats of the task prior to completing them 
during the fMRI session. 
The influence of stimulus domain was investigated by comparing verbal 
and spatial versions of the task, administered in two formats (see Figure 2.1): a 
traditional form using task-congruent stimuli (i.e., centrally presented single 
letters for the verbal task and dots in different locations for the spatial task) and 
an alternate form using task-incongruent stimuli (single letters appearing in 
different locations for both the verbal and spatial tasks). In the task-congruent 
format, the verbal stimuli consisted of single letters ('A-J') that were presented 
one at a time in white 48-point "Courier New" font in the center of a black 
background, while the spatial stimuli consisted of one-inch diameter white dots 
(subtending approximately 5° of visual angle) that appeared at one of ten 
locations arranged in a rectangular grid (covering approximately 40° of visual 
angle horizontally and 30° vertically) around the center of a black background. 
The task-incongruent format was similar to the task form, except that for both the 
verbal and spatial tasks, single letters appeared in different locations. Within the 
task-incongruent format, the verbal and spatial versions of the task differed with 
regard to whether the participant had to keep track of the identity of the letter 
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(verbal) or its location (spatial), but not both. Each stimulus was a single letter 
('A-J ') that was presented in white "Courier New" font on a black background . A 
60-point font was used, resulting in letters that were slightly larger than in the 
task-congruent format, to increase their salience to compensate for the fact that 
they appeared at different locations instead of in the center. The letters appeared 
in one of ten locations arranged in three rows (covering approximately 42° of 
visual angle horizontally and 28° vertically). Similar designs have been used in a 
few studies (Nystrom et al. , 2000; Sandrini et al., 2008; Nagel et al., 2011), but 
none have directly compared the two formats within-subjects in the same 
experiment. 
In both the task-congruent and task-incongruent formats, letters were 
presented as either uppercase or lowercase characters, chosen randomly for 
each trial. Participants were instructed to ignore the case of the letter (i.e., to 
treat both cases of the same letter as a match), thus requiring them to encode 
the identity of the letter instead of its shape. All stimuli were presented for 250 ms 
in pseudorandom order. Subsequent stimuli were separated by 2250 ms during 
which a red fixation cross (subtending approximately 2.5° of visual angle) was 
displayed in the center of black background. This resulted in a 2500 ms inter-
stimulus interval that was synchronized with the fMRI to correspond to each 
dynamic volume (i.e., one whole-brain acquisition). Participants were instructed 
to respond as quickly and accurately as possible by pressing one of two buttons 






















Stimulus (250 ms) + Fixation (2250 ms) = 2500 ms Inter-stimulus Interval= 1 fMRI dynamic (TR) 
\ 
Block Time = 30 seconds (9 trials, 12 stimuli) \ 
Figure 2.1. Schematic of the 3-back Tasks of Visual Working Memory. Verbal and 
spatial versions of the 3-back task were administered using two formats of stimuli (insert, 
top-left). In the task-congruent format (top two rows) , separate stimuli were used for the 
verbal and spatial tasks, while the task-incongruent format (bottom two rows) used the 
same stimuli both tasks. Regardless of format, letters were randomly presented as either 
upper- or lower-case characters, and participants had to treat both cases as the same 
letter. In both formats, a stimulus was shown for 250 ms followed by a fixation cross for 
2250 ms (synchronized with each fMRI dynamic). In each trial of the 3-back, the 
participant had to remember the previous three stimuli, determine whether the next 
stimulus (n) matched the oldest member of the set (n - 3), respond "yes" or "no" by 
pressing one of two buttons, and then shift the set forward by one for the next trial. 
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finger for a non-matching target. In the 3-back condition, the matching target was 
a stimulus (letter or location) that was the same as the one presented three trials 
previously. In the 0-back condition, the matching target was the letter 'A' for the 
verbal task and a predetermined location (i.e. , top-left for the task-congruent 
format, and top-center for the task-incongruent format) for the spatial task. A non-
matching target was any other letter or location. Regardless of format (task-
congruent, task-incongruent) , domain (verbal, spatial), or condition (3-back, 0-
back) , each block of the task consisted of twelve stimuli and lasted for 30 
seconds. This resulted in nine trials per block for the 3-back condition , and twelve 
trials per block for the 0-back condition. In both conditions, exactly three trials 
were matches and the remainder non-matches. All blocks were repeated four 
times within a single scanning session. 
Data Analysis. Performance on the verbal and spatial 3-back tasks was 
assessed in terms of accuracy (percent correct) , and mean response time of 
correct trials. Response times that fell outside two standard deviations from the 
mean were excluded (Mottaghy et al. , 2003; Sandrini et al. , 2008). Performance 
measures were averaged across all four blocks. Statistical analyses were 
performed using the software package JMP Pro version 10.0 (SAS Institute Inc. , 
Cary, NC). Data were analyzed using a linear mixed model approach, which 
accounts for the inter-individual variance in repeated-measures designs with 
crossed random effects for subjects and independent variables (Baayen et al. , 
2008). The models were fit by restricted maximum likelihood. The independent 
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variables, format (task-congruent, task-incongruent), domain (verbal, spatial), 
and condition (3-back, 0-back) were entered into a 2 x 2 x 2 full-factorial design 
with a 95% confidence interval (alpha= 0.05). Post hoc comparisons were made 
with Tukey's HSD tests. 
2.2.4. Magnetic Resonance Imaging 
Anatomical and functional MRI scans were acquired on a research-
dedicated human 3-Tesla lntera scanner (Phillips Healthcare, Andover, MA, 
USA) using a standard transmit-receive eight-channel SENSE head coil. All 
scans took place at the Center for Biomedical Imaging (CBI) located at BUSM. At 
the start of each scanning session, participants were screened for safety against 
known MRI contraindications. During the scanning procedure, participants lay 
supine in a comfortable position on the MRI bed. Participants wore earplugs 
throughout the procedure to protect their hearing. 
Anatomical MRI. High-resolution T1-weighted images were acquired for 
anatomical localization, tissue segmentation , and co-registration of functional 
data. A variant of the magnetization prepared rapid gradient echo sequence, 
developed at the CBI as part of the Alzheimer's Disease Neuroimaging Initiative 
(Jacket al., 2008), was employed. Parameters were: 150 sagittal-oriented slices 
for whole-brain coverage; field-of-view = 256 mm (FH) x 240 mm (AP) x 180 mm 
(RL); native resolution = 1.0 mm x 1.0 mm x 1.2 mm voxel; flip angle = 8°; TE = 
3.1 ms; TR = 6.8 ms; total scan duration= 314 seconds. 
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Functional MRI. Functional volumes were acquired while participants 
performed then-back task in a standard block design. A T2*-weighted single-shot 
echo-planar imaging (EPI) sequence was employed with the following 
parameters: 45 sagittal-oriented slices for whole-brain coverage; slice-thickness 
= 3 mm; inter-slice gap = 0 mm; field-of-view = 192 mm (FH) x 192 mm (AP) x 
135 mm (RL); native resolution= 3.0 mm isovoxel; EPI acceleration factor= 47; 
flip angle = 90°; TE = 28 ms; TR = 2500 ms; total number of dynamics = 122 for 
the task-congruent format (total scan duration = 305 seconds) and 148 for the 
task-incongruent version (total scan duration = 370 seconds). Stimuli were 
projected via a mirror onto a rear-facing projection screen located behind the 
scanner. The screen could be viewed at all times during the scan by means of 
another mirror mounted on the head coil. Responses to the n-back task were 
made using a fiber optic MRI-compatible button box. 
Data analysis. Anatomical and functional MRI data were processed and 
analyzed using FSL tools (FMRIB Group, Oxford, U.K.; www.fmrib.ox.ac.uklfsl) 
(Smith et al., 2004; Woolrich et al. , 2009; Jenkinson et al., 2012) . Registration 
matrices were created using FLIRT (Jenkinson et al. , 2002) between native 
(functional) , session (anatomical) , and Montreal Neurological Institute (MNI152) 
standard space using an affine linear registration (six degrees-of-freedom for 
registration matrices between native space and session space, and 12 degrees-
of-freedom for registration matrices between session and standard space). The 
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transforms between anatomical and standard space were then further refined 
using 10 mm non-linear registration. 
T1-weighted images were processed using the following steps: non-brain 
structures were removed using BET (Smith, 2002) and correction of bias field 
inhomogeneity and classification of tissue types (gray matter, white matter, 
cerebrospinal fluid) were performed using FAST (Zhang et al., 2001 ). Probability 
maps were then subjected to threshold of 0.99 to yield individual masks of the 
tissue types. The gray matter mask was enlarged slightly by smoothing it with a 
one mm Gaussian kernel. This mask was used to exclude areas of cerebrospinal 
fluid and white matter from the analysis prior to subjecting the remaining voxels 
to a statistical threshold; this approach reduces the number of voxels being 
tested and thus requires a less-stringent correction for multiple comparisons. 
Preprocessing of functional data was carried out in native space using the 
following standard steps (see Figure 2.2): (1) removal of the first two volumes for 
which steady-state imaging had not yet been achieved; (2) correction of head 
motion (using a six parameter linear affine transform) using MCFLIRT (Jenkinson 
et al., 2002); (3) slice-time correction for interleaved acquisition order (using 
Fourier-space time series phase-shifting); (4) removal of non-brain structures 
using BET; (5) intensity normalization of the entire 40 dataset by a single 
multiplicative factor (i.e., grand mean scaling); (5) spatial smoothing using a six 
mm full-width half-maximum Gaussian kernel; and (6) high-pass temporal filtering 
(1 00 seconds) to remove low-frequency artifacts. A nuisance covariate 
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corresponding to the global signal was calculated from each preprocessed 
functional run by averaging the mean time course of all voxels within a mask of 
the whole brain. This approach allowed the regression of physiological (e.g., 
cardiac and respiratory fluctuations) and signal artifacts (e.g ., scanner drift) 
unrelated to neural activity of interest (Desjardins et al. , 2001 ). 
Statistical analyses were carried out on preprocessed EPI data (see 
Figure 2.2) using FEAT (Smith, 2004). For both task-congruent and task-
incongruent formats , each task block (i.e. , verbal 3-back, verbal 0-back, spatial 3-
back, spatial 0-back) was modeled as a separate boxcar regressor convoluted 
with a double-gamma hemodynamic response function. For all runs, seven 
nuisance covariates were modeled; these corresponded to the global signal as 
well as six parameters of head motion. The task and nuisance regressors were 
entered into a first-pass general linear model, generating a series of parameter 
estimates through multiple regression. To compute the percent change of blood 
oxygen level dependent signal, a contrast of parameter estimate (COPE) was 
produced between each pair of 3-back and 0-back blocks: (verbal 3-back > 
verbal 0-back), (spatial 3-back > spatial 0-back). These first-level COPEs were 
normalized to MNI152 space at two mm isovoxel resolution and entered into a 
subject-level linear fixed effects model. To examine activity that was greater in 
one domain than the other, the following higher-level contrasts were computed: 
[(verbal 3-back > verbal 0-back) > (spatial 3-back > spatial 0-back)] and [(spatial 
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Figure 2.2. Processing Stream for fMRI Data Analysis. Raw data was preprocessed in 
native space using standard steps. Each task block was modeled as a separate boxcar 
regressor. Regressors-of-interest and nuisance covariates for task-congruent and task-
incongruent formats were entered into separate general linear models. First-level 
contrasts were normalized to MNI152 space and entered into a series of subject-level 
linear fixed effects models. Second-level contrasts representing activity greater in one 
task than the other, plus activity common to both tasks, were entered into a group-level 
linear mixed model, with random effects to account for inter-individual variability. 
Contrasts for task-congruent and task-incongruent formats were compared using paired-
samples T-tests. Statistical maps were subjected to a cluster-based Z-threshold of 2.3 
and tested against a 95% corrected confidence interval. 
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that was common to both domains, the average (3-back > 0-back) contrast was 
computed. Second-level COPEs for task-congruent and task-incongruent formats 
were entered into group-level a linear mixed model and compared using a T-test 
for paired-samples. Each group-level COPE was divided by the standard error to 
produce a t-statistic, which was than Z-normalized to create a statistical map 
(ZSTAT). All ZSTATs were subjected to a cluster-based threshold (Z = 2.3) that 
was tested against a 95% confidence interval (a= 0.05, corrected). 
2.3. Results 
2.3.1. Behavioral Results 
Results of the analysis of n-back task performance are summarized in 
Table 2.2. All values represent mean ± standard error. Of the 24 participants, 
nine were excluded from the behavioral analysis because a software error 
prevented responses from being collected. 
Table 2.2. Behavioral Data: 3-back Task Performance 
Task-Congruent Stimuli Task-Incongruent Stimuli 
Verbal Task Spatial Task Verbal Task Spatial Task 
3-back 0-back 3-back 0-back 3-back 0-back 3-back 0-back 
Accuracy 87.0 97.1 88.9 98.7 91 .9 96.8 93.2 97.1 
(% correct ± SEM) ± 2.0 ± 1.6 ± 1.5 ± 0.3 ± 1.6 ± 1.3 ± 1.2 ± 0.9 
Response Time 0.796 0.488 0.755 0.479 0.685 0.688 0.578 0.580 
(seconds± SEM) ± 0.04 ± 0.02 ± 0.04 ± 0.02 ± 0.05 ± 0.04 ± 0.05 ± 0.04 
Accuracy. The linear mixed model yielded significant variance in accuracy 
(% correct) only with n-back task difficulty: subjects performed more accurately 
on the 0-back (97.1) than on the 3-back (91 .0), F(1, 14) = 15.377, p = 0.0015. 
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Response Time. The linear mixed model yielded significant variance in 
response times (in seconds) with n-back task difficulty: responses were faster on 
the 0-back (0.559) than on the 3-back (0.677), F(1, 14) = 55.853, p < 0.0001 . 
Further, there was a significant interaction between task format and domain, 
F(1 ,56) = 5.11 0, p = 0.0277. However, the post hoc Tukey test revealed no 
significant pairwise comparisons. Lastly, there was a significant interaction 
between task format and difficulty, F(1 ,56) = 40.037, p < 0.0001. The post hoc 
Tukey test revealed that in the task-congruent format, participants took longer to 
respond during the 3-back (0.723) than the 0-back (0.483), while in the task-
incongruent format, response times for the 3-back (0.632) and 0-back (0.634) 
were equivalent. Thus, while average response times did not differ between the 
formats, there was an effect of interference from the task-incongruent stimuli, 
which eliminated the difference between the 3-back and 0-back conditions. 
2.3.2. Functional MRI Results 
Statistical maps were overlaid onto an inflated brain surface using the 
FreeSurfer software package (Athinoula A. Martinos Center for Biomedical 
Imaging, Charlestown, MA, USA; surfer.nmr.mgh.harvard.edu). The group-level 
(n = 24) map of the 3-back > 0-back contrast, averaged across both domains 
(verbal and spatial) and both formats (task-congruent and task-incongruent) 
revealed a bilateral network of brain regions (see Figure 2.3). These regions 
included the frontal pole, or Brodmann Area (BA) 1 0; the dorsolateral prefrontal 
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cortex (diPFC; BAs 46, 9); the ventrolateral prefrontal cortex (viPFC; BAs 44, 45) 
and the adjacent anterior insula; the premotor cortex and supplementary motor 
area (BAs 6, 8, 32); the dorsal anterior cingulate cortex (daCC; BA 24) ; the 
superior parietal lobule (BA 7) extending from the intraparietal sulcus (IPS) 
laterally to the subparietal sulcus on the medial surface; the supramarginal gyrus 










Left Hemisphere Right Hemisphere 
Figure 2.3. Group-Level Statistical Map of 3-back > 0-back Contrast Averaged Across 
All Versions and Formats. Green areas represent significant clusters of activation (Z = 
2.3, p < 0.05) . Numbers denote approximate Brodmann areas. AI = anterior insula ; MD 
= mediodorsal nucleus of the thalamus. 
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inferior temporal gyrus (BA 37). In addition to these cortical regions, activity was 
observed in the dorsal caudate nucleus, the thalamus (mainly the mediodorsal 
nucleus, though possibly also the pulvinar), and the anterior and posterior 
hemispheres of the cerebellum. The pattern of activity was symmetrical in the left 
and right hemispheres. The only exception was in the superior part of the diPFC 
(middle frontal gyrus, BA 9), which was present in the left hemisphere only. 
Lateral - Left Hemisphere - Medial Medial - Right Hemisphere - Lateral 
Figure 2.4. Comparison of Average Task-Associated Activity Between Task-Congruent 
and Task-Incongruent Formats. The white circle highlights activity in the left caudal 
middle frontal gyrus (BA 9) that was greater in the task-congruent format than the task-
incongruent, p = 0.0265. Black circles highlight activity in the bilateral lingual gyrus (BA 
18) that was greater in the task-incongruent than the task-congruent format, p < 0.0001 . 
Comparing the task-average (3-back > 0-back) contrast between formats , 
the whole-brain paired-samples T-test revealed activity in the left caudal middle 
frontal gyrus (BA 9) that was greater in the task-congruent format than in the 
task-incongruent format, p = 0.0265 (see Figure 2.4). Conversely, activity in the 
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bilateral lingual gyrus (BA 18) was greater in the task-incongruent version than in 
the task-congruent version, p < 0.0001. Aside from these regional differences, 
the overall pattern of activity common to both verbal and spatial domains was 
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Figure 2.5. Comparison of Domain-Specific Activity Between Task-Congruent and Task-
Incongruent Formats. Activity that was greater in the verbal than the spatial tasks (cool 
colors) occurred mainly in perisylvian language regions of the left hemisphere, whereas 
activity that was greater in the spatial than the verbal tasks (warm colors) was present in 
regions associated with the dorsal visual stream, mainly in the posterior parietal cortex. 
Quantitatively, statistical maps of domain-specific contrasts for the task-congruent (top 
row) and task-incongruent (bottom row) formats were equivalent at the whole-brain , 
group-level (p > 0.05). Qualitatively, domain-specific contrast maps were less expansive 
and more lateralized in the task-incongruent than the task-congruent format. 
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With regard to activity that was greater in the verbal task than the spatial 
task (and vice versa), a whole-brain pairwise comparison found no overall 
significant difference in the domain-specific activity between the task-congruent 
and task-incongruent formats, p > 0.05 (see Figure 2.5). This indicates that 
statistically similar contrasts between the verbal and spatial tasks were observed 
when centrally presented letters served as the verbal stimuli and dots in different 
locations as the spatial stimuli as when letters in different locations were used as 
both the verbal and spatial stimuli. Activity that was greater in the verbal task 
than the spatial task was observed along a left-lateralized network, consisting of 
perisylvian areas of inferior frontal and caudal superior temporal gyri (i.e., Broca's 
and Wernicke's areas, respectively), as well as the supplementary motor area on 
the dorsomedial surface. Conversely, activity that was greater in the spatial task 
than the verbal task was observed in regions of the dorsal visual stream, 
including the SMG and IPS in the right hemisphere as well as bilateral activity in 
medial structures such as the precuneus gyrus and the parietal-occipital sulcus. 
Qualitatively, a regionally-based inspection of the data revealed domain-
specific activity in the task-congruent format, but not in the task-incongruent 
format: verbal-associated activity was observed in the left frontal pole and caudal 
superior frontal gyrus, the left anterior insula, and the bilateral daCC; and spatial-
associated activity present in the IPS, lateral occipital gyrus (BA 19, 39), and 
parietal-occipital sulcus of the left hemisphere. Conversely, a few regions 
showed domain-specific activity in the task-incongruent format, but not the task-
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congruent format: there was greater verbal-associated activity in the left inferior 
frontal gyrus (pars opercularis) , and in early visual areas adjacent to the 
calcarine sulcus (BA 18) of both hemispheres; and greater spatial-associated 
activity present in the right sub-parietal sulcus. 
2.4. Discussion 
The results of the present study are consistent with the conclusions of 
prior studies showing that the 3-back task engages a mostly-symmetrical bilateral 
network of brain regions (Owen et al., 1996b, 2005). Furthermore, contrasts of 
verbal- and spatial-specific activity were statistically equivalent between the task-
congruent and task-incongruent formats. This indicates that there are neural 
systems responsible for maintaining and manipulating different types of 
information that extend beyond the perception of different stimuli. For example, 
regions showing greater activity associated with the verbal versions of the task 
include the ventrolateral prefrontal cortex (viPFC) and ventral premotor cortex as 
well as the superior temporal gyrus and supramarginal gyrus (SMG) in the left 
hemisphere. Lesion (Baldo and Dronkers, 2006) and noninvasive brain 
stimulation (Acheson et al. , 201 0) studies have confirmed that these regions are 
critical for short-term phonetic storage and sub-vocal rehearsal that are believed 
to underlie strategies for maintaining representations of verbal information. 
Similarly, greater activation associated with the spatial tasks was observed in the 
right temporoparietal junction and the superior parietal lobule. These regions 
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form the rostral extent of the dorsal visual stream and have been shown to be 
crucially involved in the mechanisms of visuospatial attention (Corbetta et al., 
2005; Bartolomeo et al., 2007), as well as in maintaining visuospatial 
representations in working memory (Berryhill and Olson, 2008), integrating visual 
information with other sensory domains, and translating spatial relationships from 
retinotopic to egocentric and global frames-of-reference (Pertzov et al. , 2011 ). 
Additional inferences can be drawn from regions of domain-specific 
activity that were limited to either the task-congruent or task-incongruent formats 
of the task. There was more bilateral activity in the task-congruent format, 
especially for activity that was greater in spatial than the verbal task. It is likely 
that this symmetry reflects processing of specific perceptual features, which may 
be unrelated to the processes of working memory; this is especially likely for 
posterior sensory regions such as the lateral occipital gyrus and sub-parietal 
sulcus. Similarly, bilateral activity adjacent to the calcarine sulcus, which was 
present in the task-incongruent but not the task-congruent format of the verbal 
working memory task, could reflect top-down control of early visual areas 
(Bressler et al., 2008) to direct attention to the semantic identity of letters, while 
suppressing attention to the different peripheral locations of the visual field in 
which they appeared. Also in the task-incongruent format of the verbal working 
memory task, there was increased activation in a region at the junction of the 
caudal inferior frontal gyri and the anterior insula. This area is thought to play a 
critical role in interference during working memory tasks that require directing 
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attention to a subset of visual features (Thompson-Schill et al. , 2002; Zanto et al., 
2011). 
Of further note, there were no observed differences in activity within the 
dorsolateral prefrontal cortex (diPFC) between verbal and spatial versions, or 
between task-congruent and task-incongruent formats. While the diPFC is 
associated with specific sub-processes of working memory such as encoding, 
manipulating, and monitoring of information (D'Esposito et al., 2000), its precise 
role is a matter of ongoing debate. Specifically, there is conflicting evidence as to 
whether and to what extent activity in the diPFC is functionally dissociable by the 
type of information in working memory. Given that bilateral activity was observed 
for each individual 3-back > 0-back contrast, but not between versions or 
formats, the present findings suggest that the contributions of the diPFC to 
working memory are domain-independent. However, additional studies are 
needed to determine if this relationship is causal or simply a correlation. 
In sum, the results of the present experiment support the conclusion that 
separate subsystems of working memory exist for verbal and spatial information 
independent of segregated processing streams for the perception of letter and 
location stimuli. Furthermore, these findings are further evidence that within the 
context of working memory, there is a lateralization of verbal and spatial 
information processing to the left and right hemisphere, respectively. 
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Chapter 3: 
Opposite Changes in Accuracy on Verbal and Spatial 3-back Tasks of 
Working Memory Following 1Hz rTMS of Left and Right Dorsolateral 
Prefrontal Cortex in Healthy Humans 
ABSTRACT 
Working memory is the ability to maintain and manipulate information to 
guide behavior. The dorsolateral prefrontal cortex (diPFC) plays a crucial role in 
the monitoring and manipulation of information in working memory, especially 
under high load conditions. Neuroimaging of the n-back task, a common 
assessment of working memory, reveals bilateral activation of the diPFC 
independent of the domain of stimuli used (e.g., letters vs. spatial locations). 
However, recent studies using noninvasive brain stimulation techniques, such as 
repetitive transcranial magnetic stimulation (rTMS), seem to argue in favor of a 
functional asymmetry, in which left and right hemispheres mediate verbal and 
spatial domains, respectively. In the present experiment, this hypothesis was 
directly tested using an offline 1Hz rTMS protocol known to temporarily suppress 
cortical activity. Healthy right-handed adults received rTMS to three regions in 
separate sessions: left diPFC, right diPFC, plus the scalp vertex as a control for 
non-specific effects. Working memory for verbal and spatial information was 
assessed using separate letter and location versions of the 3-back task, 
respectively. The change in 3-back performance (accuracy and response time) 
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was compared between the two tasks for each of the three sites. A significant 
interaction was found between the site of rTMS and the 3-back task for accuracy, 
but not for response time. Pairwise comparisons revealed rTMS of the right 
diPFC improved verbal accuracy, but worsened spatial, while the opposite was 
observed after rTMS of the left diPFC. By comparison, there was no significant 
change in accuracy of either task following stimulation of the vertex. These 
results suggest that bilateral diPFC activity associated with working memory may 
in fact reflect competition between a left-lateralized network that is specialized for 
processing for verbal information, such as semantic identity, and a right-
lateralized network specialized for processing nonverbal representations, such as 
visuotopic location. Such a functional asymmetry has consequences for 




Working memory is the cognitive ability to maintain and manipulate short-
term stores of information to guide behavior (Courtney et al., 1998). According to 
the influential Baddeley-Hitch model, working memory can be represented by a 
central executive with control over separate, domain-specific, storage systems: 
information that can be encoded phonetically (i.e., letters, words, etc.) is retained 
in the "phonological-articulatory loop," whereas representations of abstract visual 
patterns and spatial locations are maintained in the "visuospatial sketchpad" 
(Baddeley and Hitch, 1974). This model is predicated on the observation that the 
operations of working memory (i.e., the way in which information is encoded, and 
the strategies for maintaining and manipulating information) are fundamentally 
different depending on whether of not the information can be easily verbalized. 
Working memory involves the coordinated activity of many brain regions, 
primarily in the association cortices of frontal, parietal and temporal lobes 
(Chafee and Goldman-Rakic, 2000; Mottaghy et al., 2002a; Owen et al., 2005; 
Finn et al., 2010; Crespo-Garcia et al., 2013). The crucial role of prefrontal cortex 
(PFC) in working memory is strongly supported by converging evidence from 
lesion (Funahashi et al., 1993; Moore et al., 2012), reversible-deactivation (Bauer 
and Fuster, 1976), and neurophysiological (Funahashi et al., 1989; Qi et al., 
201 0) research in nonhuman primates, as well as lesion (Tsuchida and Fellows, 
2009; Kumar et al., 2013), neuroimaging (O'Esposito et al., 1995; Fletcher and 
Henson, 2001) and noninvasive brain stimulation (Mottaghy et al., 2000) studies 
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in humans. Disruption of the PFC does not impair simple retention of information, 
but rather the ability to actively maintain, monitor, manipulate, or inhibit 
information for goal-directed behavior (Postle et al. , 2006). 
Event-related neuroimaging studies, including both functional magnetic 
resonance imaging (fMRI) and positron emission tomography (PET) , have further 
subdivided the PFC based on the contributions of different regions to sub-
processes of working memory (D'Esposito et al. , 1999a; Postle and D'Esposito, 
1999b; Postle et al. , 1999, 2000). The ventrolateral PFC (viPFC), or Brodmann 
areas (BAs) 44 and 45, mediates the maintenance of information over a delay 
and acts to suppress task-irrelevant features. By comparison, the dorsolateral 
PFC (diPFC; BAs 46, 9) is active during encoding of stimuli , but is recruited 
during the delay phase of the task only when additional executive demands, such 
as monitoring or manipulating information, are required (D'Esposito et al., 2000). 
The crucial role of the diPFC in manipulating information in working memory is 
reinforced by examinations of patients with naturally occurring lesions. Several 
studies (du Boisgueheneuc et al. , 2006; Volle et al. , 2008; Kumar et al. , 2013) 
found that patients with diPFC damage were significantly impaired relative to 
controls on the n-back task under high load conditions requiring manipulation 
(i.e., 2-back and 3-back) but not the easier 1-back, which does not require 
manipulation or executive control. 
Outside of the diPFC, there is convincing evidence for a lateralization of 
regions supporting processing of verbal and spatial information. Normative 
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neuroimaging studies have shown that activity associated with working memory 
for different domains of stimuli is found in regions long known to process 
particular features of the environment (Belger et al., 1998; Smith and Jonides, 
1998; Haxby et al., 2000): spatial locations and relationships are associated with 
bilateral activation in the posterior parietal cortex (PPC; especially the 
intraparietal sulcus and precuneus), as well as the frontal eye fields and the right 
temporoparietal junction; objects, faces, and places are associated with 
activation in the lateral occipital cortex and ventral temporal lobes; and verbal 
information (i.e., letters, words) is associated with activity in the left superior 
temporal gyrus (i.e., Wernicke's area). 
The critical role of these regions in the retention of domain-specific 
information in working memory is also supported by human lesion studies. By 
examining patients with relatively focal lesions, Baldo and Dronkers ( 2006) 
concluded that left hemisphere structures related to speech (i.e., inferior frontal 
gyrus, superior temporal lobe, supramarginal gyrus) were critical substrates for 
the articulatory rehearsal and phonological storage components of verbal 
working memory. Similarly, Berryhill and Olson (2008) detailed deficits in 
maintain visuospatial representations in several neglect-free patients with right 
parietal lobe damage. While these lesion studies cannot distinguish the effects of 
disrupting perception from disrupting working memory, they do provide evidence 
that the domain-specific storage buffers, suggested by the Baddeley-Hitch model 
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arise from the activity of distinct structures existing mainly in the left and right 
hemispheres, respectively. 
There is conflicting evidence as to whether information remains organized 
as it propagates from posterior sensory association cortices to the diPFC. 
Neuroimaging studies consistently show bilateral activity in the diPFC associated 
with performing working memory tasks regardless of stimulus domain (Owen et 
al., 2005). However, rTMS studies have shown that diPFC function can be 
dissociated by its contribution to the type of information. In one study by Sandrini 
and colleagues (2008) concomitant high-frequency rTMS of the left and right 
diPFC produced a lateralized impact of the suppression task-irrelevant stimuli. 
When rTMS was applied to disrupt the left and right diPFC, response times 
slowed on a task that required the subject to remember the semantic identity of a 
letter, while ignoring its visuotopic location, and vice versa. 
These results suggest a model in which bilateral diPFC activity during 
working memory represents parallel processing of different features of the same 
stimulus. Although it is common to think of perception in holistic terms, perceiving 
even a relatively simple stimulus such a single letter can entail encoding its 
semantic identity, its form (including both shape and color), and its location in the 
visual field. The present experiment is an attempt to directly test this theory, and 
in the process, corroborate the findings of Sandrini and colleagues (2008) using 
a different methodological approach. Whereas the Sandrini group applied high-
frequency rTMS during a task, and included versions of the n-back that required 
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suppression of task-irrelevant stimuli, the present study applied low-frequency 
rTMS to the diPFC, assessed performance before and after rTMS, and used only 
separate letter and location versions of the 3-back task. 
If the diPFC is equally necessary for verbal and spatial working memory, 
than rTMS should have a similar effect on both tasks. However, if diPFC function 
is dissociable with respect to the type of information, than rTMS should have 
different effects of the two tasks. Furthermore, this type of rTMS protocol has the 
potential to modulate activity both at the site of stimulation as well as in distally 
connected regions. Thus, comparing the effect of rTMS between hemispheres 
can reveal their degree of interdependence. 
3.2. Materials and Methods 
3.2.1. Ethics Statement 
The experiments in this experiment were conducted on adult human 
participants. All forms and procedures used in the experiment received 
appropriate approval by the Institutional Review Boards at Boston University 
School of Medicine (BUSM) and Beth Israel Deaconess Medical Center 
(BIDMC). All participants provided written consent upon enrollment in the 
experiment. Participants were thoroughly screened for safety against known 
exclusion criteria of Transcranial Magnetic Stimulation (TMS). Participants were 
compensated for their time relative to the degree of their involvement. 
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3.2.2. Participants 
A total of 20 healthy adults (three male, 17 female) of mean age 20.8 
years (range= 18.3- 25.5) participated in the present experiment (see Table 3.1 
for demographic information). All participants were right-handed and native 
speakers of English. None had any known history of neurological disease. 
Table 3.1. Ex~eriment 2 Demogra~hics 
Gender Age (years) 
Participant 1 Female 20.0 
Participant 2 Female 20.3 
Participant 3 Female 20.0 
Participant 4 Female 23.4 
Participant 5 Female 20.0 
Participant 6 Female 20.1 
Participant 7 Female 19.3 
Participant 8 Female 18.3 
Participant 9 Male 18.5 
Participant 10 Female 19.0 
Participant 11 Female 19.3 
Participant 12 Female 19.9 
Participant 13 Female 20.6 
Participant 14 Female 18.9 
Participant 15 Female 23.4 
Participant 16 Male 24.2 
Participant 17 Female 21.3 
Participant 18 Female 20.8 
Participant 19 Female 23.7 
Partici~ant 20 Male 25.5 
3.2.3. The 3-back Task of Working Memory 
Verbal and spatial domains of working memory were assessed separately, 
using different versions of the 3-back task (see Figure 3.1). The 3-back is a high-
load condition (Jansma et al., 2004; Barret al., 2009) of the classic n-back task 
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(Kirchner, 1958; Gevins and Cutillo, 1993). The n-back task requires participants 
to monitor sequentially presented stimuli and indicate whether the most recent 
stimulus matches the one that was presented n trials previously (where n is a 
pre-specified integer, typically, 1, 2 or 3). Throughout the 3-back task, the 
participant must remember the most recent three stimuli , compare each new 
stimulus (n) to the oldest member of the set (n - 3), respond "yes" or "no" by 
pressing one of two buttons, and then shift the set over by one for the next trial. 
Participants performed the task while seated in a chair with a button box 
accessible to their hand (Figure 3.1 ). Stimuli were displayed on a 19-inch 
Diamond Pro (Mitsubishi Electric, Tokyo, Japan) CRT monitor at a distance of 
approximately 26 inches. In the verbal version, single letters ('A-J ') were 
presented one at a time in pseudorandom order in white 78-point Arial font 
(subtending 1.1 o of visual angle horizontally and 2° vertically) in the center of a 
black screen. Letters were presented as either upper- or lowercase characters, 
chosen randomly for each trial. Participants were instructed to ignore the case of 
the letter (i.e., to treat both cases of the same letter as a match) , thus requiring 
them to encode the verbal phoneme of the letter instead of its shape. In the 
spatial condition, the stimulus was a one-inch diameter white dot (subtending 2° 
of visual angle) that appeared in one of 10 locations arranged in a rectangular 
grid (covering approximately 22° of visual ang le horizontally and 17.5° vertically) 
around the center of a black screen. In some prior studies that used similar 
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Figure 3.1. Schematic of the 3-back Tasks of Visual Working Memory. Verbal and 
spatial versions of the 3-back task were administered as participant as sat in front of a 
computer screen with a response box in their right hand (insert, top-left) . The verbal 
stimuli consisted of single letters ('A-J') that were presented in the center of the screen. 
Letters were randomly presented in either upper- or lowercase, and participants had to 
treat both cases as matching stimuli. In the spatial version , participants had to remember 
the visuotopic position of a dot that appeared in one of ten locations. In both versions, a 
stimulus was shown for 50 ms followed by a blank screen for a randomized duration 
(1950, 2950, 3950 ms) yielding an average inter-stimulus interval of three seconds. For 
each trial , the participant had to remember the previous three stimuli, determine whether 
the next stimulus (n) matched the oldest member of the set (n - 3) , respond "yes" or "no" 
by pressing one of two buttons, and then shift the set forward by one for the next trial. 
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a clock-face or compass. However, the positions in these arrangements are 
easily named (e.g., "twelve o'clock" or "south-east") and therefore potentially 
contaminate the spatial variant with verbal-based strategies. Feedback provided 
by participants as they learned the tasks confirmed that attempting to verbalize 
the spatial locations used in the present study was a counterproductive strategy. 
In both versions of the task, each stimulus was presented for 50 ms and 
followed by a blank screen for a randomly selected duration of 1950, 2950, or 
3950 ms (for an average inter-stimulus interval of 3 seconds). A variable inter-
stimulus interval decreases the predictability of stimulus onset, and this has been 
shown to both increase the attentional demands of task and reduce automatic 
responses (Mottaghy et al. , 2002b). Participants were instructed to respond to 
each stimulus as quickly and accurately as possible by pressing one of two 
buttons on a button box with their right index or middle finger: index finger for a 
matching target and middle for a nonmatching target. A typical run contained 
exactly 32 trials (35 stimuli) and lasted approximately 100 seconds. Each block 
(baseline and post-rTMS) consisted of six runs (three verbal and three spatial , 
interleaved). Task order was maintained for both baseline and post-rTMS within 
each session , but was counterbalanced across sessions. 
Practice session. Every participant was given the opportunity to practice 
the 3-back tasks for approximately 30 minutes on a separate visit prior to any of 
the experimental sessions. This served to acclimate participants to the verbal 
and spatial versions of the task and to reduce variability and training effects (i.e ., 
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achieve a more consistent performance) prior to their use in subsequent 
sessions in combination with noninvasive brain stimulation. 
3.2.4. Transcranial Magnetic Stimulation 
TMS was applied to participants using an air-cooled 70 mm figure-of-eight 
focal coil (Magstim Co. Ltd. , Dyfeld, Wales , UK) attached to a Magstim biphasic 
stimulator (either the Rapid or the SuperRapid). All stimulation parameters used 
in the study were well within accepted guidelines for the safe application of TMS 
(Machii et al. , 2006; Rossi et al., 2009). The resting motor threshold (RMT) was 
measured for each participant on each stimulation session and used as an 
individually-referenced value of cortical excitability for determining the safe and 
appropriate stimulator output for repetitive stimulation (Pascuai-Leone et al., 
1993). The RMT is operationally defined as the minimum intensity of stimulation 
to the hand region of the primary motor cortex that elicits a visible muscle twitch 
of the contralateral thumb or index finger in at least 50% of delivered pulses. To 
measure the RMT, the TMS coil was held tangentially against the scalp with an 
initial position centered approximately five em laterally from the vertex and the 
handle pointing in a posterolateral direction (Meyer et al., 1991; Mills et al. , 1992; 
Brasii-Neto et al. , 1992; Kammer et al., 2001). With stimulator intensity set to 50-
60% of maximum stimulator output, single TMS pulses were applied at least five 
seconds apart to prevent any cumulative effects of repetitive stimulation . The 
response of each pulse was monitored for the presence of a visible muscle twitch 
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of contralateral thumb or index finger occurred. In the event that no twitch was 
observed, intensity was increased by 5% of maximum stimulator output and/or 
the position of the coil was moved incrementally; this pattern was repeated (up to 
maximum of 90%) until a visible muscle twitch occurred. If the TMS pulse elicited 
a visible muscle twitch, the stimulator output was reduced in 2% increments, 
delivering three to ten pulses at each step until reaching the minimum intensity 
that produced a visible twitch from at least 50% of delivered pulses. 
Each site targeted in a separate session 
I 
baseline block 1Hz rTMS at 100% of RMT 
12-14 minutes -10 minutes 20 minutes 
Total Time Per Session= -60 minutes 
post-rTMS block I 
12-14 minutes 
Figure 3.2. Timeline of Experimental Sessions. Each participant completed three 
experimental sessions in which a different site was targeted for repetitive transcranial 
magnetic stimulation (rTMS). All sessions followed the same format: (1) working memory 
abilities were assessed at baseline with alternating blocks of the verbal and spatial 3-
back tasks; (2) the target site was determined based on scalp landmarks; (3) the resting 
motor threshold (RMT) was assessed; (4) a 1Hz train of rTMS was applied to the target 
site for 20 minutes at 100% of the RMT; (4) immediately after rTMS ended, working 
memory abilities were reassessed with alternating blocks of the verbal and spatial 3-
back tasks. Task order was consistent throughout each session, but counterbalanced 
between sessions. Individual sessions were separated by at least 48 hours. 
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Repetitive TMS (rTMS) was administered using a typical off-line protocol 
(see Figure 3.2) . Stimulation was applied to the participant while he or she was 
seated comfortably in a chair in a relaxed awake state. The impact of rTMS on 3-
Back task performance was measured immediately after rTMS ended and 
compared to a pre-rTMS baseline. The pattern of stimulation consisted of a 
continuous 1Hz train, which has been shown to temporarily reduce cortical 
excitability and metabolism (Boroojerdi et al., 2000; Muellbacher et al., 2000; 
Valero-Cabre et al., 2007). The sequence of pulses was programmed and 
initiated using proprietary Magstim software to deliver a dosage of 20 minutes 
( 1200 total pulses) at an intensity of 100% of the RMT for that session. 
3.2.5. Identification of rTMS Targets 
Three scalp locations were identified that corresponded to coordinates F3, 
F4 and CZ of the International "1 0-20" system for EEG electrode placement 
(Kiem et al., 1999). Coordinates F3 and F4 are commonly used as reference 
points on the scalp for the left and right dorsolateral prefrontal cortex, 
respectively (Mottaghy et al. , 2000; Fregni et al., 2005; Kim et al., 2007). 
Coordinate CZ, which overlies the scalp vertex, was used as a control stimulation 
site to account for non-specific effects of TMS. The use of EEG coordinates to 
guide TMS placement over functional brain areas represents an economical and 
practical tradeoff over more precise neuroimaging-based methods (Herwig et al., 
2003), especially when MRI data is not available for all participants. All sites were 
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marked on a snug-fitting Lycra TM swim cap worn by the participant. The Beam F3 
System (Beam et al., 2009) was used to locate coordinates F3 and F4 (see 
Figure 3.3). As it requires only five measured distances to calculate the position 
of F3 (or F4), the Beam F3 System is both more efficient and has a smaller 
chance of administrator error compared to the standard "1 0-20" method. A 
detailed description of this approach can be found in (Beam et al. , 2009). 
CD Beam F3 Method 
CD Measure nasion to inion (mid-sagittal line) 
@ Measure tragus to tragus (inter-aural line) 
@ Mark as CZ (vertex) the intersection of mid-sagittal and 
@) inter-aurallines 
@) Measure circumference through brow and inion 
(Beam software takes inputs 1 ,2, & 3 and outputs X & Y) 
@ Mark point X em from mid-sagittal along brow line 
(measure to the left for F4, or to the right for F3) 
® Mark as F3 {left hemisphere) or F4 (right hemisphere) 
the point Y em from vertex towards point X 
Figure 3.3. Anatomical Method for Determining TMS Coil Position. Targets for rTMS 
were identified based on anatomical scalp landmarks. The three targets were EEG 
coordinates F3, F4, and CZ, which corresponded to the left dorsolateral prefrontal cortex 
(diPFC), right diPFC, and vertex, respectively. The Beam F3 method (Beam et al. 2009) 
was used to calculate the position of F3 and F4. Measurements of the mid-sagittal line, 
inter-aural line, and circumference were entered into the Beam F3 software, which 
output two values: X and Y. Coordinates F3 and F4 were determined by marking a point 
X em along the brow line from the mid-sagittal line and Y em from the vertex to point X. 
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In twelve of the 20 participants, a T1-weighted anatomical magnetic 
resonance imaging (MRI) scan was obtained on a separate visit from the 
behavioral sessions. A magnetization prepared rapid gradient echo sequence 
was employed with the following parameters: 150 sagittal-oriented slices for 
whole-brain coverage; field-of-view = 256 mm (FH) x 240 mm (AP) x 180 mm 
(RL); native resolution = 1.0 mm x 1.0 mm x 1.2 mm voxel; flip angle = so; TE = 
3.1 ms; TR = 6.8 ms; total scan duration= 314 seconds. 
Figure 3.4. Validation of TMS Coil Positions. The use of EEG coordinates F3, F4, and 
CZ as scalp reference points for the left diPFC, right diPFC, and vertex, respectively , 
was confirmed by obtaining an anatomical MRI with vitamin D capsules in place. 
Prior to scanning, vitamin D capsules were placed on the same scalp 
locations targeted for stimulation: F3, F4 and CZ. The oil in the capsule can be 
visualized on the T1 image, providing confirmation that the locations F3 and F4 
overlaid the middle frontal gyrus as intended, whereas location CZ corresponded 
to the superior longitudinal sulcus near the precentral gyrus (see Figure 3.4). 
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Figure 3.5. Quantitative Analysis of Presumed Cortical rTMS Targets. In 12 of the 
participants, for whom anatomical MRis were obtained , masks were created of the 
cortex within 25 mm of each of the EEG coordinate sites: F3 , F4 , and CZ (top row) . First , 
the center of each coordinate was determined by visualization of the participant's 
anatomical MRI. Next, a sphere with a radius of 25 mm was constructed around the 
coordinate center. This sphere was then restricted to the cortex by multiplying it by a 
mask of the all gray matter (shown in green). Lastly, individual masks for each 
coordinate were normalized to the Montreal Neurological Institute (MNI152) template 
brain and averaged across all 12 participants. The group-average masks were overlaid 
on the MNI152 template brain (bottom row); areas in red represent the overall presumed 
targets of rTMS; areas in yellow reflect the highest degree of overlap across participants. 
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The inter-individual variability in the anatomical targets was within the 
presumed spatial resolution of the figure-of-eight TMS coil (-1.5- 2.5 em) when 
applied at average motor threshold intensities. To determine the average cortical 
region under the EEG coordinates, a 25 mm sphere was constructed around the 
center of the capsule as visualized on each individual MRI (see Figure 3.5). This 
sphere was restricted to the cortical mantle by multiplying it by a mask of the gray 
matter. The individual masks for each EEG coordinate site were then normalized 
to standard space using the Montreal Neurological Institute (MNI152) template 
and averaged across all participants. 
3.2.6. Experimental Sessions 
The present experiment consisted of four visits per participant, including 
one practice session and three experimental sessions. Each of the experimental 
sessions lasted approximately one hour and followed the same general 
procedure (see Figure 3.2). At the start of the session, the participant was 
screened for safety against known contraindications for TMS (Keel et al., 2001). 
The participant began the experiment by practicing the 3-back task, alternating 
between verbal and spatial runs. Once the participant achieved a relatively 
consistent accuracy across three runs for each task, as indicated by a standard 
deviation of less than 0.1, those runs were designated as the baseline block. The 
participant then donned a swim-cap and measurements of his or her head were 
taken and entered into the Beam F3 system to determine the location of the 
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stimulation site. The three sites were determined for each individual based on the 
scalp position of EEG coordinates F3, F4, and CZ. The RMT was assessed for 
the hemisphere that was targeted for rTMS (i.e., left for F3, right for F4). For 
location CZ, which lies on the midline, the RMT of the left hemisphere was used. 
A 1Hz rTMS train was delivered for 20 minutes at 100% of RMT. The coil was 
kept fixed in place for the duration of stimulation with the assistance of a multi-
joint adjustable Magic Arm (Manfrotto, Italy). Throughout the stimulation, the 
participant sat awake, with eyes opened, in a comfortable chair. As soon as 
stimulation ceased , the participant completed six more runs of the 3-back task, 
alternating between verbal and spatial versions. These runs constituted the post-
rTMS block of the task. Task order was maintained throughout each 
experimental session, but was counterbalanced across subjects and sessions. 
The relative order of the stimulation sites F3 and F4 was also counterbalanced 
across subjects. Experimental sessions were separated by at least two days to 
reduce the likelihood of carryover effects from the previous session (Valero-
Cabre et al. , 2008). 
Data Analysis. Performance on the verbal and spatial 3-back tasks was 
assessed in terms of accuracy (percent correct) , and the mean response time of 
correct trials. Response times that fell outside two standard deviations from the 
mean were excluded (Mottaghy et al., 2003; Sandrini et al., 2008). Performance 
measures were averaged across runs for baseline and post-rTMS blocks of each 
task and the net change was calculated by subtracting scores on the baseline 
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from the post-rTMS blocks. Statistical analyses were performed using the 
software package JMP Pro version 10.0 (SAS Institute Inc., Cary, NC). Data 
were analyzed using a linear mixed model approach, which accounts for the 
inter-individual variance in repeated-measures designs with crossed random 
effects for subjects and independent variables (Baayen et al., 2008). The models 
were fit by restricted maximum likelihood. The independent variables, site of 
rTMS (F3, F4, CZ) and task domain (verbal, spatial), were entered as fixed 
effects into a 3 x 2 full factorial design with a 95% confidence interval (a= 0.05). 
Covariates, including gender, age, handedness scores, stimulation intensity, task 
order, and session order, were added to the model as fixed effects. A one-tailed 
Student's T-test for paired samples (using an uncorrected a= 0.05) was used to 
test the specific a priori prediction that the net change in accuracy would be lower 
for the verbal than for the spatial 3-back following rTMS of F3. All Post-hoc 
comparisons were made using Tukey's HSD tests. 
3.3. Results 
Table 3.2. Behavioral Data: Change in 3-back Task Performance (post-rTMS- baseline) 
F3 (L-diPFC) F4 (R-diPFC) CZ (vertex) 
Verbal Spatial Verbal Spatial Verbal Spatial 
.1 in Accuracy 
-1.10±1 .2 1.04 ± 0.9 1.72±1 .1 -2.29 ± 1.4 0.21 ± 0.9 -0.47 ± 0.8 (% correct ± SEM) 
.1 in Response Time 
-23.4 ± 11 -23.8±18 -28.1 ± 9 -12.3 ± 14 -37.1 ± 11 -49.8 ± 13 (milliseconds ± SEM) 
Results of the analysis of the change in performance on the verbal and 
spatial 3-back tasks are summarized in Table 3.2. All values represent mean ± 
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standard error. All participants tolerated TMS with no side effects. Data from 
session F3 (i .e., rTMS of the left diPFC) were not obtained in one participant who 
moved before completing all sessions. 
Accuracy. The linear mixed model yielded a significant interaction 
between the site of rTMS and the task domain , F(2,37.6) = 8.47, p = 0.0009. This 
indicates rTMS exerted a different effect on accuracy for the verbal and the 
spatial 3-back tasks depending on the stimulation site (see Figure 3.6) . 
Consistent with the predicted effect of applying rTMS to F3, the net change on 
the 3-back was lower for the verbal task (-1.1 %) than for the spatial task (1.0%), 
t(18) = 1.84, p = 0.041. A post-hoc Tukey test revealed that after applying rTMS 
to F4, the net change was greater for the verbal task (1.7%) than for the spatial 
task (-2 .3%) , p = 0.0205. In contrast to the effect of targeting the diPFC, when 
rTMS was applied to CZ (the control site), the net change did not differ between 
verbal task (0.2%) and the spatial task (-0.5%), p = 0.9935. These data suggest 
that 1Hz rTMS of the diPFC, but not the vertex, had an opposite impact on verbal 
and spatial working memory (i.e., enhancing one, while impairing the other) , and 
that the direction of this effect depended on which hemisphere was targeted . 
Specifically, when 1Hz rTMS was applied to the right diPFC, accuracy was 
impaired on the spatial 3-back, but increased on the verbal 3-back. Conversely, 
1Hz rTMS of the left diPFC reduced accuracy on the verbal 3-back, while 
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Figure 3.6. Impact of rTMS on 3-back Task Accuracy. There was a significant 
interaction between the stimulation site and the task domain. Following rTMS to the left 
diPFC (F3), accuracy on the verbal 3-back decreased, while spatial accuracy improved. 
Conversely, rTMS of the right diPFC (F4) led to an increase in accuracy on the verbal 3-
back, and a worsening of spatial accuracy. When rTMS was applied to the vertex (CZ) , 
the was no appreciable change in accuracy on either the verbal or spatial tasks. Values 
represent the mean net change (post-rTMS - baseline) in accuracy (% correct). Error 
bars represent standard error of the mean. *p < 0.05, **p < 0 .01 , nsp > 0.05. 
Response Time. The linear mixed model yielded no significant variance in 
the net change of response times, neither with respect to the site of stimulation, 
nor between the verbal and spatial 3-back tasks, all Ps < 1.5, all p 's > 0.1 (see 
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Figure 3.7). These results show that response times decreased on both the 
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Figure 3.7. Impact of rTMS on 3-back Task Response Time. Response times on both 
verbal and spatial tasks decreased following rTMS, regardless of the site of stimulation. 
Values represent the mean net change (post-rTMS - baseline) of response times (in 
seconds) . Error bars represent standard error of the mean. n.sp > 0.05. 
3.4. Discussion 
According to the influential Baddeley-Hitch model , working memory is 
represented as a central executive with control over separate storage systems 
for verbal and spatial information. Prior studies have repeatedly shown that the 
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dorsolateral prefrontal cortex (diPFC) plays a crucial role in the manipulation of 
information in working memory. And while neural processes involved in the 
perception of verbal and spatial features of the environment are known to occur 
in separate regions of temporal and parietal association cortex, it is unclear 
whether a similar segregation exists in the diPFC. 
This current experiment demonstrated that applying a suppressive pattern 
of repetitive transcranial magnetic stimulation (rTMS) to the diPFC of intact adults 
had opposite effects on their ability to accurately perform verbal and spatial 
versions of the 3-back task of working memory. Following rTMS of the right 
diPFC, accuracy was impaired on the spatial 3-back task, but verbal accuracy 
increased. A similar effect, but in the reverse direction was observed following 
rTMS of the left diPFC, while rTMS of the vertex (the control site) had no impact 
on accuracy. The fact that rTMS of the diPFC had different effects on verbal and 
spatial 3-back task accuracy strongly suggests that processes for manipulating 
verbal and spatial information have a separate underlying functional organization. 
With regard to changes in accuracy following rTMS, the effect size was 
lower for the left diPFC (r = 0.21) than for the right diPFC (r = 0.34). In other 
words, rTMS of the right diPFC produced an increase in spatial accuracy and a 
decrease in verbal accuracy that was of a larger magnitude than the suppression 
of verbal and enhancement of spatial accuracy following rTMS of the left diPFC. 
There are several factors that could account for this discrepancy. The most 
parsimonious explanation is the letter task was not sufficiently challenging for 
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young adults, and thus any suppression of activity resulting from 1Hz rTMS was 
mitigated by cognitive reserves (Stern, 2002; Stern et al., 2005). However, this 
explanation cannot account for the similarly small increase in spatial accuracy 
with left diPFC stimulation. 
A more cogent possibility is that F4 may have represented a more 
consistent target for the right diPFC than F3 was for the left diPFC. Given that 
rTMS was targeted using measurements of the scalp, its efficacy is therefore tied 
to the proximity of coordinates F3 and F4 to regions of the diPFC most critical 
during working memory. The size and organization of the association cortices is 
subject to significant inter-individual organization (Hutsler et al., 1998; Mechelli et 
al., 2005). Furthermore, hemispheric asymmetries related to language 
dominance and handedness often manifest in the left diPFC tending to be larger 
and/or have a more variable organization than the right diPFC in right-handed 
individuals (Herve et al., 2006). Thus, anatomical asymmetries could have led a 
greater variability in the relationship between the scalp position and the anatomy 
of the underlying cortex in our cohort of right-handed individuals. Inspection of 
the average cortical area underlying coordinates F3 and F4 (see Figure 3.5) 
confirmed that both regions occupied a similar extent of the middle frontal gyrus. 
There was a slight increase in the overlap of F4, indicating the relationship 
between F4 and the right diPFC may have been more consistent across subjects 
as compared to F3 and the left diPFC. Thus is it possible this variation could 
have influenced the effect of rTMS. 
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Figure 3.8. Normalized Impact of rTMS on 3-back Task Accuracy. With regard to the 
impact of rTMS on 3-back accuracy, there was an disparity in the effect size between 
when rTMS was applied to the left diPFC and when it was applied to the right diPFC (left 
graph). Subtracting the change in accuracy in the control condition (i.e., rTMS to CZ) 
from the active conditions (i.e. , rTMS to F3 & F4) normalized this imbalance (right 
graph), suggesting the difference in effect size may be attributed to non-specific effects. 
A third possibility is the presence of nonspecific effects, which may have 
differentially influenced the verbal and spatial tasks. A simple way to examine 
this possibility is to subtract the change in accuracy in the control condition (i.e., 
rTMS to CZ) from those of the active conditions (i.e. , rTMS to F3 and F4). The 
rationale for this normalization is that rTMS to CZ would likely have captured any 
changes in performance that were independent of modulating the activity in the 
diPFC. Indeed, after normalizing to the CZ scores, the magnitude of the change 
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in F3 and F4 was much more equal (see Figure 3.8), suggesting that the 
differences may have been due to nonspecific effects (i.e., residual practice 
effects) that were different between the two tasks. 
The present experiment demonstrated that following rTMS of the right 
diPFC, accuracy improved on the letter task, but worsened on the location task, 
while the opposite was observed after left rTMS. These double-dissociations 
suggest left and right diPFC operate as competing subsystems for manipulating 
verbal and spatial information, respectively. Modulating cortical excitability in a 
given brain region can impact activity in transcallosally-connected regions of the 
non-stimulated hemisphere, and it has been suggested that rTMS may act by 
shifting the balance of hemispheric activity (Rossini et al. , 201 0). In this context, 
the impact of 1Hz rTMS would be predicted to reduce excitability on that side that 
received stimulation and indirectly increase excitability in the contra-stimulated 
hemisphere. The results of the present experiment are consistent with this model 
of rTMS. Applying 1Hz rTMS to the right diPFC led to a leftward bias in activity 
(and vice versa), shifting available resources from the manipulation of spatial 
features to that of verbal content, and thus forcing subjects to rely on a system 
that was inefficient for the spatial task, but productive for the verbal task. 
A consistent finding in neuroimaging research is equivalent bilateral diPFC 
activity during working memory tasks, such as the n-back, regardless of the type 
of stimuli used (Owen et al., 2005). One interpretation of these studies is that the 
diPFC contributes equally to all domains of working memory. However, the 
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results of the current experiment contradict this explanation. Instead, bilateral 
activity across the diPFC might reflect a left-lateralized system for information 
that is encoded verbally and a right-lateralized system for nonverbal 
representations operating in parallel on all stimuli. This explanation is consistent 
with the conclusions of Sandrini and colleagues (2008) , and provides a context 
with which to reexamination the findings of other TMS studies. For example, 
Mottaghy and colleagues (2003) applied singly-spaced TMS pulses at 40 ms 
intervals to the diPFC in both hemispheres during a letter 2-back task. While the 
authors found that performance on the letter 2-back could be disrupted by 
stimulation of either the left or right diPFC, the disruption occurred 40 ms earlier 
on the right hemisphere than the left. It is certainly possible that the left and right 
diPFC are both necessary for monitoring and manipulating verbal information 
during the delay, just at different times. However, an alternate interpretation that 
is consistent both with the results of the present experiment and those of 
Sandrini and colleagues (2008) is that the left diPFC processed information 
regarding the semantic identity of letter while the right diPFC was processed 
nonverbal features such as the form or visuotopic position of the letter, and that 
these two fundamentally different processing streams occur over different 
timescales. 
In sum, the results of the current experiment support the existence of a 
left-dominant network, which supports the manipulation of verbal information , and 
a right-lateralized network that mediates the manipulation of spatial information. 
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Such a functional asymmetry would have implications for behavioral interventions 
and clinical therapies that aim to ameliorate impairments in working memory and 




Working memory is a highly complex cognitive ability that involves the 
coordinated activity of a bilateral network of brain regions. Understanding the 
neural basis of working memory has been the focus of decades of research in 
humans and nonhuman primates. The current thesis represents an investigation 
into unresolved questions about the functional organization of working memory in 
humans. Specifically, the study addressed the possibility that there are separable 
subsystems in working memory for verbal and spatial information. To accomplish 
this, a homogeneous population of healthy well-educated right-handed adults 
was recruited and a combination of neuroimaging and noninvasive brain 
stimulation methods was employed. These techniques have been instrumental 
for investigating brain-behavior relationships, and their explanatory potential is 
further increased when they are combined in the same study. 
In Experiment 1 (Chapter 2), functional magnetic resonance imaging 
(fMRI) showed that separate patterns of activity associated with the verbal and 
spatial versions of the n-back task of working memory are present even after 
controlling for differences that could be due to the perception of different stimuli. 
When the goal of the task involved remembering single letters, regardless of 
whether they were presented in the center of the visual field or at random 
locations, activity was greater in perisylvian regions of the left hemisphere 
associated with the perception and production of language, including the inferior 
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frontal gyrus and adjacent ventral motor areas, the superior temporal gyrus and 
sulcus, and adjacent regions of the inferior parietal lobule. Conversely, when the 
task required remembering the locations at which visual stimuli appeared, 
regardless of whether the stimuli were simple white dots or single letters, activity 
was greater in regions that mediate visuospatial attention, including the 
precuneus, intraparietal sulcus, and temporoparietal junction, mainly in the right 
hemisphere. These observations serve to reinforce the notion, proposed by the 
Baddeley-Hitch model (Baddeley and Hitch, 1974), that there exist separate 
storage systems for maintaining and manipulating information of different 
domains within the network of brain regions recruited for working memory tasks. 
Moreover, these domain-specific storage systems appear to engage many of the 
same regions involved in higher-level feature processing, even after controlling 
for activation associated with the perceptual processes themselves. 
A further finding from Experiment 1 was that the dorsolateral prefrontal 
cortex (diPFC), which plays a crucial role in manipulating information in working 
memory, was not among the regions showing domain-specific activity. Activity 
was present in the bilateral diPFC when either verbal or spatial tasks were 
analyzed alone, but not when the tasks were contrasted with each other. This 
observation indicates an overall level of activation of the bilateral diPFC during 
verbal and spatial tasks that was equivalent at the whole-brain group-level. This 
suggests that the contribution of the diPFC to working memory is not domain-
specific, at least at the level of correlational relationship. If it were the case that 
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the diPFC is equally necessary for manipulation of verbal and spatial information, 
it would follow that modulation of diPFC activity would have a similar impact on 
verbal and spatial working memory tasks. On the contrary, Experiment 2 
(Chapter 3) demonstrated that 1Hz repetitive transcranial magnetic stimulation 
(rTMS) of the diPFC produced opposite changes in accuracy on the letter and 
location 3-back tasks. Furthermore, these effects were lateralized, so that 1Hz 
rTMS of the right diPFC led to an increase in letter accuracy and a worsening of 
spatial accuracy, while left rTMS decreased letter accuracy and enhanced 
location accuracy. The 1Hz pattern of rTMS has been shown to reduce cortical 
excitability and metabolism beyond the duration of stimulation in animal models 
(Valero-Cabre et al., 2007), in normal human motor (Muellbacher et al. , 2000; 
Romero et al. , 2002), and visual cortex (Boroojerdi et al., 2000; Fried et al. , 
2011) . Assuming that 1Hz rTMS has a similar suppressive impact on the activity 
of the diPFC, the present findings of a subsequent reduction in task accuracy can 
be interpreted as confirmation that the evidence that the left and right diPFC are 
critical substrates for manipulating verbal and spatial information in working 
memory, respectively. 
Beyond demonstrating that the diPFC can indeed be functionally 
dissociated in terms of the type of information manipulated in working memory, 
these findings point to a dynamic competition between domain-specific networks. 
In this model , the left and right diPFC operate as competing subsystems for 
manipulating information verbal and spatial, respectively. Accordingly, the 
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observation from Experiment 1 of equivalent bilateral diPFC activity during the 
letter and location tasks might reflect a left-lateralized system for information that 
is encoded verbally and a right-lateralized system for nonverbal representations 
operating in parallel on all stimuli. This competition model also accounts for the 
paradoxical facilitation of performance (i.e., the corresponding improvement on 
the verbal task following 1Hz rTMS of the right diPFC and on the spatial task · 
following 1Hz rTMS of the left diPFC): if two systems either compete for a limited 
pool of resources or are balanced through mutual inhibition, then disruption of 
one system will free up resources for and/or reduce inhibition of the competing 
system. Similar competitive relationships have been documented in systems for 
visuospatial attention (Corbetta et al., 2005; He et al., 2007) and language (Saur 
et al., 2006; van Oers et al., 2010), as well as in the regulation of mood (Rossini 
et al., 2010), and emotionally-guided behavior (Davidson, 1992), suggesting that 
competition may be a general principle of cerebral functional organization. 
As humans navigate through their environment and attempt to interpret 
the vast array of incoming sensory stimuli, some of the information can be 
"named," that is, encoded with a semantic identity. This verbal information can 
then be maintained and manipulated through mechanisms such as sub-vocal 
rehearsal. However, some information (e.g ., abstract patterns, spatial positions 
and relationships, etc.) cannot be efficiently verbalized and thus a parallel system 
to maintain and manipulate nonverbal information is required. Colloquially, these 
two systems can be conceptualized as one's "inner voice" and "mind's eye," and 
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are consistent with the distinctions proposed in the Baddeley-Hitch model 
(Baddeley and Hitch, 1974; Baddeley, 2000). Any working memory task is likely 
to engage both the left-verbal system and right-nonverbal system to maximize 
the available strategies, much in the way we interpret spoken language in terms 
of both its verbal (semantics, grammar) and nonverbal (intonation, prosody) 
components, which consequently are also mediated by homologous structures in 
the left and right hemispheres, respectively. Normally, one system will prove 
more relevant for the goal at hand, depending on the format of the working 
memory task and the stimuli it employs. However, if the activity of one system is 
compromised, whether through naturally-occurring brain injury or experimentally-
induced neuromodulation, it may have the effect of biasing behavior towards the 
intact system, much in the way that disruption of substrates for orienting attention 
lead to a neglect of the contralesional side of the world . 
Taken together, the results of Experiments 1 & 2 of the present study 
support the existence of a functional asymmetry in human working memory. 
These findings have clinical implications as well. In the search for interventions to 
ameliorate working memory deficits in disease and blunt or delay the impact of 
age-related cognitive decline, researchers are increasingly turning to noninvasive 
brain stimulation techniques. Interventions utilizing rTMS and other methods are 
being applied to a growing list of neuropsychiatric conditions to reshape 
abnormal patterns of cerebral activity and reduce the presence and severity of 
symptoms (for reviews, see Kobayashi and Pascuai-Leone, 2003; Ridding and 
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Rothwell, 2007). When rTMS of the diPFC was first tested as a potential therapy 
for major depression it was compared with electroconvulsive therapy (ECT) 
(O'Connor et al., 2003). There was an initial assumption that rTMS, like ECT, 
would disrupt working memory. On the contrary, many patients who received 
prefrontal rTMS actually showed an improvement in working memory (Little et al., 
2000; Martis et al. , 2003; Hausmann et al., 2004). Similar results have been 
reported with rTMS-based therapies in other disorders, such as Parkinson's 
disease and schizophrenia; for a review, see (Hillary et al. , 2006). However, 
these results are not always consistent and their analysis is confounded by 
variables such as disease heterogeneity and ongoing pharmacological treatment. 
Moreover, it is difficult to disentangle the effect(s) of stimulation from the 
remission of the underlying neuropsychiatric disorder. This has led many 
researchers to directly investigate the potential of noninvasive brain stimulation to 
modulate working memory in intact individuals, both as a testing bench to 
optimize its clinical efficacy, and as a powerful tool to establish causal brain-
behavior relationships. The results of the present study provide strong evidence 
that noninvasive brain stimulation has the potential to improve working memory 
and could serve as the basis for future translational research. 
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